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Abstract
In this paper, we have investigated the Meissner effect of holographic superconductors in the
presence of Dirac-Born-Infeld electrodynamics. The matching method is applied to obtain
the critical magnetic field and the critical temperature. The critical magnetic field obtained
from this investigation shows the effects of the DBI parameter b and differs from that obtained
from Born electrodynamics because of the extra ~E. ~B term in the Dirac-Born-Infeld theory.
It is observed that the critical magnetic field increases in Dirac-Born-Infeld theory compared
to that in the Born theory.
1 Introduction
The physics of strongly coupled systems poses difficulties when approached by conventional
methods. The gauge/gravity duality [1]-[4] proved to be a powerful mathematical tool to study
strongly coupled field theoretical systems by investigating weakly coupled gravitational systems.
Constructing gravitational duals of strongly physical phenomena one may explain some of its
properties which may in turn give some insight in the intricacies of the duality itself. In the
past decade, the dual gravitational theories played a very important role in theoretical physics
to study quantum chromodynamics [5]-[10], fluid dynamics [11]-[16] and entanglement entropy
[17]-[20] and condensed matter physics [21]-[23]. Holographic superconductors [24]-[48] is a
gravitational dual model which explains some basic properties of high Tc superconductors. The
model gives a mechanism for the formation of scalar hair outside a AdS black hole below a
certain critical temperature via spontaneous breakdown of a local U(1) symmetry near the
black hole horizon [49],[50]. Using the gauge/gravity duality, an enormous amount of work
has been done to understand various properties of holographic superconductor/metal phase
transition in the framework of usual Maxwell electromagnetic theory [24]-[34], power Maxwell
electrodynamics [35]-[38] and Born-Infeld electrodynamics [39]-[48]. In particular, there has been
several investigations to understand the Meissner-like effect in holographic superconductors in
the presense of different kind of electrodynamics ([27],[28],[34]-[38],[43]). However, the study
of non-linear effects on the critical magnetic field in the presence of Dirac-Born-Infeld (DBI)
electrodynamics [51]-[53] has been not carried out so far in the literature. The difference between
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the DBI electrodynamics and Born electrodynamics is apparent only when the magnetic field
is switched on. This is because of the extra ~E. ~B term in the DBI theory which is absent in
the Born theory. The theory is important in its own right as it removes the divergence in the
self energy of point charged particles and also enjoys electromagnetic duality. The DBI theory
proposed by Born and Infeld [52] and analysed in detail by Dirac [53], was favoured over the Born
theory [51] as it was constructed out of two Lorentz invariant quantities FαβFαβ and F
αβGαβ
thereby leading to a more general theory of nonlinear electrodynamics. Further, it was found
that the Born theory exhitited vacuum birefringence where as the DBI theory does not exhibit
vacuum birefringence [54]. Another motivation for looking at the effects of DBI electrodynamics
on holographic superconductors is to check whether the ~E. ~B term increases or decreases the
critical magnetic field compared to the Born electrodynamics. These features provide enough
motivation to study holographic superconductors in the presence of DBI electrodynamics. It
should be noted that there is no difference between the DBI theory and Born theory in the
absence of a magnetic field.
In this paper we investigate the effects of magnetic field on holographic superconductors by
considering DBI electrodynamics. Our intention is to study how the presence of extra ~E. ~B term
in DBI theory affects the Meissner effect. In particular we would like to observe the non-linear
effects coming from DBI electrodynamics on the critical magnetic field at which superconducting
order gets destroyed. We calculate analytically the critical magnetic field at which the super-
conducting state becomes normal metallic state. In this work we use the matching method
technique in which we match the asymptotic behaviour of fields with the horizon behaviour of
the fields. The critical magnetic field obtained from the DBI electrodynamics incorporates the
non-linear effects. Our analysis differs from the previous study [43] in the sense that we solve
the scalar field equation in the electrodynamic sector (in the absence of the matter field) taking
into account the magnetic field. It is through this equation that the non-linear parameter (in
the DBI electrodynamics) coupled with the magnetic field once again makes an entry into the
entire analysis.
This paper is organized as follows. In section 2, the basic formalism for the holographic
superconductors coupled to DBI electrodynamics is presented. In section 3, we have shown the
Meissner effect upto first order in DBI parameter b. Section 4 contains the concluding remarks.
Finally, we have an appendix.
2 Basic formalism
In 3 + 1-dimensions, the action for the model of a holographic superconductor in the framework
of DBI electrodynamics consists a complex scalar field coupled to a U(1) gauge field in AdS
black hole spacetime1
S =
∫
d4x
√−g
 1
2κ2
(R− 2Λ) + 1
b
1−
√
1 +
b
2
FµνFµν − b
2
16
(GµνFµν)2

−(Dµψ)∗Dµψ −m2ψ∗ψ
]
(1)
where Fµν = ∂µAν − ∂νAµ; (µ, ν = t, r, x, y), Gµν = 12µναβFαβ, Dµψ = ∂µψ − iqAµψ, Λ = − 3L2
is the cosmological constant, κ2 = 8piG, G being the Newton’s universal gravitational constant,
b is the Dirac-Born-Infeld parameter, Aµ and ψ represent the gauge and scalar fields.
1The electrodynamic sector of the theory was introduced by Born and Infeld in [52] and it was Dirac who
constructed the Hamiltonian formulation of the theory [53]. We therefore refer to this theory as the DBI theory.
The theory without the ~E. ~B term was given by Born earlier in [51] and we shall refer to it as Born theory.
2
It should be noted that in the existing literature on holographic superconductors one considers
the Born theory [51] instead of the Dirac-Born-Infeld theory [52], [53]. The Lagrangian density
of the Born theory [51] is given by
LB = 1
b
1−
√
1 +
b
2
FαβFαβ
 . (2)
Later on Born and Infeld favoured the following Lagrangian density [52]
LBI = 1
b
1−
√
1 +
b
2
FαβFαβ − b
2
16
(GαβFαβ)2
 (3)
over the Born theory given in eq.(2). In the DBI theory, the Born theory gets augmented by
the third term under the square root in eq.(3). This term turns out to be very important when
we study the effects of the magnetic field on holographic superconductors since this term is
proportional to ~E. ~B and would give an additional contribution along with FµνF
µν for a non-
zero magnetic field. However, in the absence of the magnetic field, there is no difference between
the Born and the DBI theories.
The plane-symmetric black hole geometry reads (setting the AdS radius L = 1)
ds2 = −f(r)dt2 + 1
f(r)
dr2 + r2(dx2 + dy2) (4)
where
f(r) = r2(1− r
3
+
r3
) . (5)
The Hawking temperature of this black hole spacetime reads
T =
f ′(r+)
4pi
=
3r+
4pi
. (6)
This is interpreted as the temperature of the dual field theory at the boundary.
The equation of motion for the gauge and matter fields read
∂α
 √−gFαβ√
1 + b2F
µνFµν − b216(GµνFµν)2
− b
4
∂α
 √−gGαβGµνFµν√
1 + b2F
µνFµν − b216(GµνFµν)2

= 2
√−gq2Aβ|ψ|2 + iq√−g
[
ψ∗∂βψ − ψ∂βψ∗
]
(7)
∂α
[√−g∂αψ] = √−g [q2AµAµ +m2]ψ + iq [2√−gAµ∂µψ +√−g(∂µAµ)ψ
+(∂µ
√−g)Aµψ] . (8)
Making the ansatz for the gauge field and the scalar field as [21]
Aµ = (φ(r), 0, 0, 0) , ψ = ψ(r) (9)
leads to the following equations of motion for the gauge and matter fields
φ′′(r) +
2
r
φ′(r)− 2
r
bφ′(r)3 − 2q
2φ(r)ψ2(r)
f(r)
(1− bφ′(r)2) 32 = 0 (10)
3
ψ′′(r) +
(
2
r
+
f ′(r)
f(r)
)
ψ′(r) +
(
q2φ2(r)
f(r)2
− m
2
f(r)
)
ψ(r) = 0 (11)
where prime denotes derivative with respect to r. The conditions φ(r+) = 0 and ψ(r+) to be
finite imposes the regularity of the fields at the horizon.
Setting q = 1 and under changing the coordinate from r to z = r+r , the field eq.(s) (10)-(11)
look like
φ′′(z) +
2bz3
r2+
φ′(z)3 − 2r
2
+ψ
2(z)
z4f(z)
(
1− bz
4
r2+
φ′(z)2
) 3
2
φ(z) = 0 (12)
ψ′′(z) +
f ′(z)
f(z)
ψ′(z) +
r2+
z4
(
φ2(z)
f(z)2
− m
2
f(z)
)
ψ(z) = 0 (13)
where prime denotes derivative with respect to z. To solve these equations, we have to impose
the boundary behaviour of the fields.
The fields near the boundary of the bulk obey [31]
φ(z) = µ− ρ
r+
z (14)
ψ(r) =
J−
r
∆−
+
z∆− +
J+
r
∆+
+
z∆+ (15)
where
∆± =
3±√9 + 4m2
2
(16)
are the conformal weights of the conformal field theory living on the boundary. The interpreta-
tion of the parameters µ and ρ are given by the gauge/gravity dictionary. They are interpreted
as the chemical potential and charge density of the conformal field theory on the boundary. For
the choice ψ+ = 0, ψ− is interpreted as the dual of the expectation value of the condensation
operator O∆ in the boundary.
For m2 = −2 we have ∆+ = 2 and ∆− = 1. Here, we consider the case J+ = 0, so the relevant
conformal dimension is ∆ = ∆− = 1 and hence the matter field near the AdS boundary is given
by
ψ(z) =
J−
r+
z . (17)
In order to study the effect of the magnetic field, we first need to investigate the relation between
the critical temperature and the charge density. This we do using the matching method technique
in which we match the asymptotic behaviour of fields with the horizon behaviour of field at any
arbitrary point (zm) between [0, 1]. The details of this study are presented in the Appendix.
The critical temperature Tc at zero magnetic field reads [43]
Tc =
3
4pi
√
ρ√
β˜{1 + 2bβ˜2(1− zm)}
(18)
where
β˜ = 2
√
1 + 2z2m
1− z2m
. (19)
These results will be used in the subsequent discussion to find the effect of the magnetic field
on holographic superconductors.
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3 Effect of magnetic field
In this section, we add a magnetic field in the bulk. The asymptotic value of this magnetic field
represents a magnetic field in the boundary field theory. The following ansatz is taken to study
the Meissner effect of holographic superconductors
Aµ = (φ(r), 0, 0, Bx) , ψ ≡ ψ(r, x) . (20)
Using the above ansatz, we obtain from eq.(s)(7,8)
(
1 + bB2
)
∂r
 r2φ′(r)√
1 + b(B
2
r4
− φ′2(r))− b2B2φ′2(r)
 = 2q2r2ψ2(r, x)
f(r)
φ(r) (21)
∂2rψ(r, x) +
(
f ′(r)
f(r)
+
2
r
)
∂rψ(r, x)− m
2
f(r)
ψ(r, x)
+
1
r2f(r)
∂2xψ(r, x)−
q2B2x2
r2f(r)
ψ(r, x) = −q
2φ2(r)
f2(r)
ψ(r, x) . (22)
Now we proceed to solve the gauge field equation which reads upto first order in the DBI
parameter(
1 + bB2 +
bB2
r4
)
φ′′(r) +
2
r
(
1 + bB2 +
2bB2
r4
− bφ′2(r)
)
φ′(r) =
2q2ψ2(r, x)
f(r)
×
[
1 +
3b
2
(
B2
r4
− φ′2(r)
)]
φ(r) . (23)
Changing variables to z = r+r , we find the matter field and gauge field equations in z coordinate
to be
∂2ψ(z, x)
∂z2
+
f ′(z)
f(z)
∂ψ(z, x)
∂z
− m
2r2+
z4f(z)
ψ(z, x) +
q2r2+φ
2(r)
z4f2(z)
ψ(z, x)
= − 1
z2f(z)
[
∂2ψ(z, x)
∂x2
− q2B2x2ψ(z, x)
]
(24)
(
1 + bB2 +
bB2z4
r4+
)
d2φ(z)
dz2
− 2bB
2z3
r4+
dφ(z)
dz
+
2bz3
r2+
(
dφ(z)
dz
)3
=
2q2ψ2(z, x)
f(z)
[
r2+
z4
+
3b
2
(
B2
r2+
− φ′2(r)
)]
φ(z) . (25)
At T = Tc, the matter field ψ(z) vanishes. Putting ψ(z) = 0 in eq.(25), we obtain
d2φ(z)
dz2
−
2bB2 z
3
r4+(
1 + bB2 + bB
2z4
r4+
) dφ(z)
dz
+
2b z
3
r2+(
1 + bB2 + bB
2z4
r4+
) (dφ(z)
dz
)3
= 0 . (26)
The integrating factor of the above equation is 1√
1+bB2
(
1+ z
4
r4
+
) which converts the above equa-
tion to the following form
dζ(z)
dz
= − 2b
r2+
z3ζ3(z) (27)
5
where ζ(z) = φ
′(z)√
1+bB2
(
1+ z
4
r4
+
) . To solve this equation, we need to impose the asymptotic be-
haviour of the gauge field which is
φ(z) = µ− ρ
r+
z . (28)
Now we integrate eq.(27) in the interval between boundary and the event horizon, that is [0, 1]∫ 1
0
dζ(z)
ζ3(z)
= − 2b
r2+
∫ 1
0
z3dz (29)
⇒ 1
ζ2(1)
=
b
r2+
+
1
ζ2(0)
. (30)
We also integrate eq.(27) in the interval [1, z] and use the above relation to get
1
ζ2(z)
=
b
r2+
(z4 − 1) + 1
ζ2(1)
(31)
⇒ 1
ζ2(z)
=
bz4
r2+
+
1
ζ2(0)
. (32)
Using the asymptotic behaviour of φ(z) (28), we finally obtain
φ′(z) = −
√√√√√√√
1 + bB2
(
1 + z
4
r4+
)
1 + b
(
B2 + ρ
2z4
r4+
) ρ
r+
. (33)
Note that this expression takes into account the effects of the magnetic field coming from both
FµνF
µν and FµνG
µν terms. To be precise, the last term in the numerator and denominator arise
from the Born part of the theory and the second term in the numerator and denominator arises
from the ~E. ~B term in the DBI theory. This relation will be used in the subsequent discussion
to calculate the critical magnetic field.
Now we turn our attention at the matter field equation near Tc. Employing the separation
of variable technique ψ(z, x) = X(x)R(z) and setting q = 1, eq.(24) takes the form
R′′(z)
R
+
f ′(z)R′(z)
f(z)R(z)
− m
2r2+
z4f(z)
+
r2+φ
2(z)
z4f2(z)
=
1
z2f(z)
[
−X
′′
X
+B2x2
]
. (34)
This finally gives on separation the following equation for X(x)(
− d
2
dx2
+B2x2
)
X = κ2X . (35)
The above equation for X(x) is identified as the Schro¨dinger equation in one dimension with a
B-dependent frequency which leads us to identify κ2 = (2n + 1)B where n is an integer. For
n = 0, we find that κ2 = B and this helps in finding the critical magnetic field.
The radial part of the matter field takes the form [43]
R′′(z) +
f ′(z)
f(z)
R′(z) +
(
r2+φ
2(z)
z4f2(z)
− m
2r2+
z4f(z)
− κ
2
z2f(z)
)
R(z) = 0 . (36)
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From the above equation and using the fact that f(1) = 0, we find
R′(1) = −
(
m2
3
+
κ2
3r2+
)
R(1) (37)
R′′(1) =
[
m2
3
+
m4
18
+
κ4
18r4+
+
m2κ2
9r2+
− φ
′2(1)
18r2+
]
R(1) . (38)
These relations (36,37,38) have exactly the same form as derived earlier in [43]. However, the
φ′2(1) term present in eq.(38) incorporates the effects of the nonlinear DBI electrodynamics.
This was not done in the previous analysis. We now essentially follow the analysis in [43]. First
we expand R(z) around z = 1 which reads
R(z) = R(1)−R′(1)(1− z) + R
′′(1)
2
(1− z)2 + ....
≈ R(1)−R′(1)(1− z) + R
′′(1)
2
(1− z)2 . (39)
Substituting the value of R′′(1) and R′(1) in eq.(39), we find
R(z) =
[
1 +
(
m2
3
+
κ2
3r2+
)
(1− z) +
(
m2
3
+
m4
18
+
κ4
18r4+
+
m2κ2
9r2+
− φ
′2(1)
18r2+
)
(1− z)2
2!
]
R(1) .
(40)
Setting m2 = −2 and equating eq.(40) and eq.(17) and their derivatives at z = zm, we obtain
J−zm
r+
= R(1)
[
1−
(
2
3
− κ
2
3r2+
)
(1− zm) +
(
−4
9
+
κ4
18r4+
− 2κ
2
9r2+
− φ
′2(1)
18r2+
)
(1− zm)2
2
]
(41)
J−
r+
= R(1)
[
2
3
− κ
2
3r2+
−
(
−4
9
+
κ4
18r4+
− 2κ
2
9r2+
− φ
′2(1)
18r2+
)
(1− zm)
]
. (42)
From the above relations, we finally get
κ4 + 4
(
2 + z2m
1− z2m
)
r2+κ
2 + 4
(
1 + 2z2m
1− z2m
)
r4+ − φ′2(1)r2+ = 0 (43)
which in turn implies, using κ2 = B
B2 + 4
(
2 + z2m
1− z2m
)
r2+B + 4
(
1 + 2z2m
1− z2m
)
r4+ − φ′2(1)r2+ = 0 . (44)
This equation has exactly the same form as derived in [43]. However, as we mentioned earlier,
φ′2(1) contains the effect of the DBI theory and differs from that in [43]. The last term in the
above equation upto O(b) can be obtained from eq.(33) and reads
φ′2(1) =
[
1 +
b
r4+
(
B2 − ρ2
)] ρ2
r2+
(45)
Substituting eq.(19) and eq.(45) in eq.(44), we get upto order O(b)(
1− b ρ
2
r4+
)
B2 + 4a2r
2
+B + β˜
2r4+ − ρ2
(
1− b ρ
2
r4+
)
= 0 (46)
7
where a2 =
2+z2m
1−z2m . The solution of the above equation reads
Bc =
1(
1− b ρ2
r4+
)

√√√√4a22r4+ −
(
1− b ρ
2
r4+
){
β˜2r4+ − ρ2
(
1− b ρ
2
r4+
)}
− 2a2r2+
 . (47)
Now let us denote Tc ≡ Tc(B), then from eq.(18) and eq.(6) we find
ρ2
r4+
= β˜2{1 + 2bβ˜2(1− zm)}2T
4
c (0)
T 4
(48)
= β˜2{1 + 4bβ˜2(1− zm) +O(b2)}T
4
c (0)
T 4
. (49)
Substituting the above equation and r+ =
4pi
3 T in eq.(47), we finally obtain
Bc =
16pi2β˜T 2c (0)
3
(
1− bβ˜2 T 4c (0)
T 4
)

√√√√1 + (4a22
β˜2
− 1
)
T 4
T 4c (0)
+ bβ˜2
(
5− 4zm − 2T
4
c (0)
T 4
)
− 2a2
β˜
T 2
T 2c (0)

≈ (1 + bβ˜2)B0 +
8pi2bβ˜39 (3− 4zm)T
2
c (0)√
1 +
(
4a22
β˜2
− 1
)
T 4
T 4c (0)
 (50)
where
B0 = Bc|b=0 = 16pi
2
9
β˜T 2c (0)

√√√√1 + (4a22
β˜2
− 1
)
T 4
T 4c (0)
− 2a2
β˜
T 2
T 2c (0)
 . (51)
We observe that the critical magnetic field Bc incorporates the effects of the DBI parameter b.
Note that the critical magnetic field upto O(b) differs from that obtained in the Born theory.
In the presence of Born electrodynamics, the critical magnetic field reads [43]
B(Born)c =
16pi2β˜
9
fT 2c (0)
√√√√ 1
1 + bβ˜2f2 T
2
c (0)
T 2
+
A1
β˜2
T 4
T 4c (0)
− A2
β˜
T 2
T 2c (0)

≈ B0 +
8pi2bβ˜39 (3− 4zm)T
2
c (0)√
1 +
(
4a22
β˜2
− 1
)
T 4
T 4c (0)
 (52)
where
f = 1 + 8b
1 + 2z2m
1 + zm
, A1 =
12(1 + z2m + z
4
m)
f2(1− z2m)2
, A2 =
2(2 + z2m)
f(1− z2m)
. (53)
Comparing eq.(50) and eq.(52), we observe that the second term in eq.(50) is an extra piece
which arises due to the DBI theory together with the fact that the gauge field equation has
been solved taking into account the effect of the magnetic field. Using eq.(s)(18,50,52) and
fixing zm = 0.5, we now compare the critical magnetic field of Born electrodynamics and DBI
electrodynamics for different values of b at temperature T = 0 in Table 1. Here we observe that
the critical magnetic field increases in the DBI theory compared to that in the Born theory. It is
also observed that the critical magnetic field (Bc) for DBI electrodynamics increases for higher
values of b where as the critical magnetic field for Born theory decreases for higher values of
8
Table 1: Comparison of the critical magnetic fields of Born and DBI theory at T = 0 for zm = 0.5
Value of b For Born electrodynamics For DBI electrodynamics
Bc
T 2c (0)
Bc
Bc
T 2c (0)
Bc
b=0.00 49.6275 1.001ρ 49.6275 1.001ρ
b=0.01 51.6126 0.969ρ 55.5828 1.043ρ
b=0.02 53.5976 0.934ρ 61.5381 1.072ρ
b. The presence of both the Lorentz invariant quantities in DBI theory, in particular the extra
term FαβGαβ plays a crucial role in the behaviour of the critical magnetic field of holographic
superconductors. We have also plotted the critical magnetic field vs temperature for different
values of DBI parameter b in Figure 1 which clearly shows that Bc
T 2c (0)
increases for higher values
of b. This clearly indicates that the extra ~E. ~B term present in the DBI theory is favourable
for the Meissner effect as it increases the critical magnetic field at which the superconductivity
order gets destroyed.
4 Conclusions
In this paper we have studied the effects of magnetic field on holographic superconductors by
considering Dirac-Born-Infeld electrodynamics. The investigation is important in its own right as
most of the studies carried out so far in the literature with non-linear electrodynamics have been
with Born electrodynamics. However, the study involving Dirac-Born-Infeld electrodynamics
has not been carried out in the literature. The study is important in its own right because of
Figure 1: Bc
T 2c (0)
vs TTc plot for different values of b (b = 0, b = 0.01, b = 0.02)
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distinct advantage of the Dirac-Born-Infeld electrodynamics over Born electrodynamics, namely,
the absence of vacuum birefringence in Dirac-Born-Infeld theory. Further, it is surely interesting
to investigate whether the presence of the extra ~E. ~B term in the Dirac-Born-Infeld theory favours
the Meissner like effect in holographic superconductors over the Born theory. More precisely,
the importance of this study lies in the fact that the Dirac-Born-Infeld theory of non-linear
electrodynamics has an extra ~E. ~B which is non-zero only when a magnetic field is switched
on. This extra term plays a crucial role in the investigation of the effect of magnetic field on
holographic superconductors which is clearly shown in Table 1 and Figure 1. In the absence
of this ~E. ~B term, the critical magnetic field decreases with increase in the value of the Born
parameter b thereby indicating that the Born theory does not favour Meissner like effect in
holographic superconductors. In contrast we observe from our analysis that the critical magnetic
field increases with increase in the Dirac-Born-Infeld parameter and its value is greater than that
obtained in Born electrodynamics [43] and Maxwell electrodynamics. This indicates that the
Dirac-Born-Infeld theory of non-linear electrodynamics is favourable for Meissner like effect in
holographic superconductors.
Appendix
Here we briefly sketch the matching method technique to obtain the relation between the critical
temperature and the charge density. The technique is to match the asymptotic behaviour of
fields with the horizon behaviour of fields at an arbitrary point zm between horizon and the AdS
boundary. First, we expand the scalar and matter fields near the horizon (z = 1)
φ(z) = φ(1)− φ
′(1)
1!
(1− z) + φ
′′(1)
2!
(1− z)2 + ... (54)
ψ(z) = ψ(1)− ψ
′(1)
1!
(1− z) + ψ
′′(1)
2!
(1− z)2 + ... (55)
Using fact that f(1) = 0, f ′(1) = −3r2+, f ′′(1) = 6r2+ together with regularity condition φ(1) = 0,
we can find from the gauge field equation (12)
φ′′(1) = −
 2b
r2+
φ′2(1) +
2
3
ψ2(1)
(
1− b
r2+
φ′2(1)
)3/2φ′(1) . (56)
Similary from equation for the matter field (13), we find
ψ′(1) = −m
2
3
ψ(1), ψ′′(1) =
(
m4
18
+
m2
3
− φ
′2(1)
18r2+
)
ψ(1) . (57)
Substituting the above expressions in eq.(s)(54),(55), we get
φ(z) ≈ −
(1− z) +
 br2+φ′2(1) + 13ψ2(1)
(
1− b
r2+
φ′2(1)
)3/2 (1− z)2
φ′(1) (58)
ψ(z) ≈
[
1 +
m2
3
(1− z) + 1
2
(
m4
18
+
m2
3
− φ
′2(1)
18r2+
)
(1− z)2
]
ψ(1) . (59)
Setting m2 = −2 in the above equations, we then match the above behaviour of the scalar and
matter fields near horizon with those in the asymptotic region at z = zm. The same thing is
10
carried for their derivatives also. This yields
µ− ρ
r+
zm = β(1− zm) + β
bβ2
r2+
+
α2
3
(
1− bβ
2
r2+
)3/2 (1− zm)2 (60)
ρ
r+
= β + 2β
bβ2
r2+
+
α2
3
(
1− bβ
2
r2+
)3/2 (1− zm) (61)
where β = −φ′(1) and α = ψ(1). Using T = 3r+4pi and using the above equations, we get
α2 =
3
(
1 + 2bβ˜2(1− zm)
)
2(1− zm)(1− bβ˜2)3/2
(
T 2c
T 2
− 1
)
(62)
where
Tc =
3
4pi
√
ρ√
β˜{1 + 2bβ˜2(1− zm)}
(63)
with β˜ = βr+ . Treating the matter field sector in a similar way yields
J−
r+
zm =
α
3
+
2α
3
zm − α
9
(
2 +
β2
4r2+
)
(1− zm)2 (64)
J−
r+
=
2α
3
+
α
9
(
4 +
β2
2r2+
)
(1− zm) . (65)
The above relations give
β˜ =
β
r+
= 2
√
1 + 2z2m
1− z2m
. (66)
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